In this paper we propose a broadband polarization independent selective absorber for solar thermal applications. It is based on a metal-dielectric-metal metasurface structure, but with an inter-layer of absorbing amorphous carbon rather than a low loss dielectric. Optical absorbance results derived from Finite Difference Time Domain modelling are shown for ultra-thin carbon layers in air and on 200nm of gold for a range of carbon thicknesses. A gold-amorphous carbon-gold trilayer with a top layer consisting of a 1D grating is then optimised in 2D to give a sharp transition from strong absorption up to 2m to strong reflection above 2m resulting in good solar selective performance. The gold was replaced by the high melting point metal tungsten and is shown to have very similar performance to the gold case. 3D simulations then show that the gold based structure performs well as a square periodic array of squares, however there is low absorption around 400nm. A cross based structure is found to increase this absorption without significantly reducing the performance at longer wavelengths.
Introduction
There has been much work done recently on the use of 2D metamaterials, sometimes termed metasurfaces, as perfect absorbers [1] , [2] . This paper explores the use of thin carbon films in metaldielectric-metal (MDM) structures for solar thermal applications [3] - [5] . Compared with conventional photovoltaic devices, solar thermal converters have the potential to be more efficient since they can use the whole of the solar spectrum [6] . There are also emerging technologies such as solar thermionics [7] and photon-enhanced thermionic emission (PETE) [8] that can benefit from thin, low cost surfaces that can be integrated with materials required for these applications such as lithiated diamond [9] . For solar thermal applications the surface must achieve strong absorption in the visible and near Infrared bands while maintaining high reflectivity in the thermal infrared bands preventing thermal radiation and thus achieving maximum temperature rise [10] , [11] . These are known as selective surfaces and have been studied and developed for many years [12] . However, solar thermal technologies increase in efficiency as the upper operating temperature increases and the performance of conventional selective surfaces can degrade at these high operating temperatures, typically ~800 K. Thus this paper aims to use the trilayer MDM structure as a platform for creating broadband selective solar absorbing surfaces that can be integrated into a range of emerging high temperature, solar thermal related technologies.
The MDM trilayer has been widely studied using dielectric material as the absorbing layer in visible spectrum [13] , [14] , but this paper explores the applications of the structure using a highly absorbing material for solar thermal applications. Solar thermionics is being developed that uses lithiated diamond to create a very efficient electron emitter [9] and if it was possible to integrate the diamond material within a solar absorbing surface this may lead to very low cost technology. Absorbing layers in MDM structures have been studied previously, in [15] a Spin-On-Glass with an absorption resonance in the mid infrared is used to show strong coupling between the metasurface resonance and the absorber. In [16] an MDM structure is incorporated into an organic photovoltaic cell in order to increase solar absorption. This paper shows the use of a carbon absorbing layer in an MDM structure and the very broadband nature of the carbon absorption could enable many interesting applications. Ideally for solar thermionics a high quality diamond layer would be interesting to explore as the dielectric interlayer. However, this is difficult to achieve currently in practise and thus we focus on amorphous carbon which can be readily deposited in thin layers with controllable thicknesses in the range of 20-50nm. In this paper we will study a particular class of amorphous carbon known as Diamond Like Carbon (DLC) which will be used in future fabrication and measurement studies.
The paper begins with a description of the ideal selective surface required for solar thermal applications. Then the optical properties of DLC are introduced in both bulk and thin film cases. The DLC needs to be placed on a strongly reflecting surface to maintain good infrared reflection and the optical properties of such a structure are then shown. The trilayer structure with a patterned top surface is then introduced and it is shown how this can greatly improve the selectivity of the surface. Optimisation of the structure is then performed to obtain the best selective performance and gold is replaced by the high melting point metal, tungsten which would enable very high temperature operation. Finally a cross type [17] patterned upper layer is introduced which improves the short wavelength absorption while maintaining the longer wavelength performance obtained from a simple square array structure. Figure 1 shows the simulated solar spectrum modelled as a blackbody at T = 6000K and also the radiated power from an ideal blackbody at 500K, 800K and 1000K [18] . This shows that for solar thermal applications an ideal surface should absorb strongly across the visible range up to 1.5-2m for applications around 1000K. Above these wavelengths the surface should be strongly reflecting which from Kirchoff's law of thermal radiation will strongly supress thermal infrared emission. Thus we choose a wavelength of 2m as the transition point between strong absorption and strong reflection. DLC is a class of amorphous carbon which contains significant amounts of sp3 hybridized carbon atoms [19] . Amorphous carbon contains a mixture of graphite and diamond clusters that give the material very high optical absorption and wide bandgap [20] . The sublimation point of amorphous carbon is 3915K which will provide enough thermal stability for most solar thermal applications [21] . Figure 2 shows the real and imaginary parts of the refractive index of amorphous carbon from the visible up to 10m [22] . [23] modelled reflectance (R) from bulk amorphous carbon and reflectance and transmittance (T) for a 35nm thick layer in air. The bulk results show the broadband absorbing properties which are not ideal for reducing thermal infrared emission. The thin film results show the complex optical properties that can occur in thin absorber layers as discussed in our previous paper [24] .
Results
The absorbance (A) can be derived from this data from T + R + A = 1. Figure 4 shows absorbance for the bulk case and three layer thicknesses that will be used later in the paper. The results show that thin layers can maintain reasonable absorbance in the visible and this drops off significantly at longer wavelengths. The simplest way of improving the selectivity of such a thin layer is to place it on a strong reflector such as a metal. This approach is used with cermets [25] where the long wavelengths essentially do not "see" the thin layer and strongly reflect from the backside metal. Figure 5 shows results for a metal backed thin absorbing layer, where the carbon is placed on 200nm of gold. This metal can be used to around 500K [26] , [27] and will allow initial room temperature and medium temperature studies to be performed in future. Later in the paper we show results using the high melting point metal tungsten. Gold is straightforward to deposit in cleanroom facilities thus we are focusing the majority of our results on it in these initial studies as others have done [28] . With the Au backing layer, the total absorbance is now significantly different from the simple thin layer case in air. This is due the overlap between the absorbing layer and the standing wave interference pattern generated by the reflecting metal surface. A perfect metal layer imposes a boundary condition of zero tangential electrical field minimising the intensity at the metal surface. At longer infrared wavelengths gold is close to an ideal metal and since the amorphous carbon layer is much thinner than the wavelength this will significantly reduce the absorption in that layer. At visible wavelengths, gold is plasmonic in nature which allows fields to exist within the metal, strongly confined to the surface. Thus, through the boundary conditions between gold and carbon (which are more complex that for simple dielectrics) strong fields will also exist within the carbon layer enhancing the absorption. This absorbance profile is now much closer to the ideal case discussed earlier. However if the absorbance between 1-2m could be increased without increasing the absorbance at longer wavelengths this would further improve the performance. It can be seen in Figure 5 that increasing the thickness improves absorbance around 2m, but also at longer wavelengths. Thus a more complex structure that allows optimisation of the surface impedance whilst maintaining strong absorption is needed. The MDM structures referred to earlier allow just such optimisation to be performed. MDM structures have been widely studied as absorbers, but mainly with low loss dielectric interlayers where absorption occurs in the metal layers. Here the use of an absorbing interlayer enables the high field strengths generated in the narrow gaps between the upper and lower metal layer to generate very strong absorption. The operating principle of a square array MDM metasurface is now well established [15] and operates by combining an electrical resonance associated with the upper metallic 2D grating and a magnetic resonance generated by gap plasmons between the metal layers.
Optimising the period and aspect ratio of the squares allows impedance matching to free space to be achieved which reduces the reflection. This enables strong absorption to occur with appropriate materials either in the metal layers or in our case both in the metal and amorphous carbon layers. Figure  6 (a) below shows a 2D schematic of the MDM structure.
In this section of the paper we perform 2D FDTD modelling since this is much faster than 3D modelling and the 2D structure can be made reasonably polarisation independent by creating a 2D grating in the 3D structure as we have shown previously [29] . In order to obtain strong plasmonic interaction with the structure the light must be polarised in the x direction as defined in Figure 6 (a) and all results in this section are for this case. Figure 6 (a) shows the geometrical parameters that can be optimised, the period (p), spacing (s), length (l), thickness (t) and height (h). The ratio of l/s is denoted r. In order to initiate optimisation of the structure we have chosen 2m as the design wavelength and we will attempt to maximise the absorption at this wavelength. Figure 6 (b) shows a surface plot of period vs aspect ratio for a carbon thickness of 35nm. It can be seen that A is maximised at a period of 175nm and an aspect ratio of 6:4. This results in l=105nm and s=70nm. It is necessary to now observe the overall absorption of this structure across the whole wavelength range of interest. Figure 7 shows absorbance for a range of periods from 150nm to 250nm. The results show that a period of 175nm produces a shoulder that increases the absorption across the 1-2m range without significantly increasing the absorption at longer wavelengths. A large drop in absorption is observed around 400nm and this will be addressed later in the paper. Figure 8 summarises the impact of moving to an optimised trilayer structure and shows the significant increase in absorption around 1-2m. The figure also shows the impact of moving to tungsten for both the upper and low metal layers and it can be seen that good performance is maintained. Finally the figure shows a full 3D simulation of a square array of squares for the top layer, showing that 2D modelling gives a good approximation to the full 3D case. The results give identical absorption for both x and y polarized light, showing that good polarisation independent performance can be obtained. Ideally the absorbance would decrease more rapidly around 2m to reduce thermal emission as shown in Figure 1 , however there are many applications at lower temperatures where this structure would perform reasonably well. In order to understand the operation of these structures it is useful to observe the electric and magnetic fields in a cross section through the structure at some important wavelengths. Figure 9 (a) shows a 3 x 3 section of the structure with cross section A vertically through the centre of grating squares.
Figure 9(b) shows the magnitudes of the electric and magnetic fields in cross section A at wavelengths of 0.4m, 1.5m and 5m. The results show a strong resonance occurring in the magnetic field in the carbon layer at a wavelength of 1.5m, but much lower field strength at 400nm and 5m. As noted earlier it is the balance between electric and magnetic resonance that achieves good impedance matching to free space. This strong absorption is caused by an anti-parallel displacement current loops between the upper and lower Au films [30] . Figure 9 (b) suggests that the absorption is mainly occurring in the carbon layer but there may also be absorption in the gold layers. We can use the FDTD full field results to directly calculate the absorption in each layer by using the divergence of the Poynting vector as described in our paper [31] . In this approach calculation boxes are placed around each region of interest and this allows the absorption in that region to by calculated directly. Figure 10 shows these results and it can be seen that above 0.5µm the absorption is mainly in the carbon layer. It is important that solar absorbers are as angle independent as possible and one of the main features of the MDM structure is that it is inherently angularly independent. Figure 11 shows reflectance calculated from 0 to 45 degrees over the same wavelength range as shown above. High absorbance (low reflectance) is seen across all angles up to a wavelength of 1.5m. A low absorption peak (high reflectance) is however visible around 400nm, more clearly visible in Figure 8 . In order to improve the absorption here without altering the already optimised longer wavelength range it is necessary to introduce a new degree of freedom into the system. Figure 12 (a) shows such a structure. By moving to a cross based periodic array [17] we are introducing very short arm lengths, w that will interact with the shorter wavelengths, with the longer wavelength response being determined by the larger features such as the period and aspect ratio. This gives the extra degree of tunability required to increase the short wavelength absorption. Figure 12(b) shows the performance of a cross structure with different values for w compared to the optimised square array case. It can be seen that much stronger absorption can now be obtained around 400nm, but without sacrificing longer wavelength behaviour. 
Conclusions
This paper has presented 2D and 3D FDTD modelled results of ultra-thin amorphous carbon films in air, on gold and as the interlayer of a metal-dielectric-metal metasurface for both gold and tungsten. Absorbance results are shown for the structures from wavelengths of 300nm to 6m. Structure optimisation has been performed in order to achieve good selective surface performance for solar thermal applications. Metal-dielectric-metal metasurfaces based on both square and cross unit cells have been modelled and cross based structure give improved absorption at short visible wavelengths. We believe this is due to the small features within the cross effecting only short wavelength absorption, giving improved solar selectivity. The use of a carbon based inter layer allows us to explore the possibility of using these structures in diamond based solar thermionic applications.
